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DEVELOPMENT AND USE OF AN EXTENSOMETER FOR
DETERMINING THE MECHANICAL COMPLIANC^f
OF CRACK TOUGHNESS TEST SPECIMENS
by
J. R. Houghton and L. K. Irwin
ABSTRACT
The characteristics and capabilities•of
displacement and deformation measuring devices
were surveyed with the view toward applications
for mechanical compliance calibrations of crack
toughness specimens. A prototype extensometer
was designed and constructed with a demonstrable
sensitivity of better than 1.0 pin. (0.025 µm)
and operating range of about 0.0074 in. (0.18$ mm).
It incorporates two linear variable differential
transformers, one as a displacement sensor and one
for the reference voltage. The procedures for
calibrating the extensometer and for using it to
measure deformations of single - edge-notch (SEN)
tensile specimens are described. Preliminary
results of mechanical compliance calibrations of
a 4 inch ( 102 mm) gage length, and an 8 inch
(203 mm) gage length, SEN tensile specimen are
given and comparisons are made with other recent
compliance calibrations.
Key Words: Extensometer, fracture mechanics,
mechanical compliance calibration,
single-edge-notched specimen
1. INTRODUCTION
The shapes and sizes of crack toughness test specimens are varied
for several reasons. These include economy,- amount of available material,
fixed space for irradiation of specimens limitations in testing machine
capacity, limitations in range and sensitivity of deformation measuring
equipment and others. In order to utilize and correlate data obtained
.from tests of difference specimens or from different laboratories, a
"calibration" of each type of specimen is required. These-"calibrations"
are considered necessary for the development and acceptance of Recommended
Practices on Crack Toughness Testing that are being prepared by ASTM
Committee.E-24. The American Society for Testing and Materials Committee
EW
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E-24 on Fracture Testing of Metals was organized to serve as a focal
ii
point for interest in identifying significant parameters relating to
plane crack toughness testing and disseminating methods for their mea-
surement,
The purpose of this investigation is to develop improved methods for
making mechanical compliance measurements of crack toughness test speci-
mens and to determine the compliance characteristics and the significant
parameters of selected specimens with sufficient precision that compari-
sons can be made between theoretical solutions and experimental results
for strain energy release rates versus crack lengths. 	 The work covered
by this report includes the following:
ff
yF
1.	 The review of performance characteristics of the several
types of precision displacement measuring devices and the
selection of one type for use in this study,
r
2.	 The adaptation and modification of this device and assn—
;I ciated read-out equipment for use in making compliance
measurements on single-edge-notch (SEN) tensile specimens
r
3.	 The development of methods for the calibration of the
extensometer and for making precise measurements of dis-
placement on the SEN specimens, and
4.	 The presentation of preliminary results of tests of a r
short, 4- inch (102 -mm) gage length, and a long, 8 - inch
(203-mm) gage length,  SEN tensile specimen of 7075- T6
aluminum alloy.
2.	 WENSOMETER
r .^
-2.1	 Review of Displacement Measuring Devices
[1 2 3]*A review of recently published works	 '	 on calibrations of
crack toughness test specimens indicated that a major effort would be
needed to improve the deformation measurement. 	 The review of the charac-
teristics of available extensometers by Du-relli and Phillips[4`was quite
useful.	 'In this comparison of extensometers, a number of characteristics
were considered. 	 For clarity, two of these are defined as follows:
Sensitivity - The ratio of a change in output to the change of
input which causes the change after steady-state
condition is obtained.
*Numbers in brackets refer to references- at the end of the report.
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Range The region within which a quantity is measured[51,
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Optical extensometers such as the Tuckerman strain gage have be n
used for precise measurements of displacement for some time. Wilson 6]
described in detail the characteristics of the Tuckerman wtrain gage.
The sensitivity is one vernier division per 4 pin. (0.1)µm) and the range
for continuous reaings is 0.005 in. (0.13 mm). The total range of the
instrument without resetting is O.Oi2 in. (0.305 mm). Significant prob-
lems for this application are the short gage length and the short range.
The linear variable differential transformer (LVDT) is widely used
with autographic recorders which employ two transformers and a null bal-
ance electrical circuit. The LVDT can be used individually to transfer
displacement units to electrical units. The sensitivity depends primarily
on the type of read-out equipment used. An autographic recorder and LVDT
have been used1 2' to obtain compliance measurements. When used with this
type read-out, the nominal sensitivity is one division per 50 pin. (1.27
µm) 4] with a range of 0.005 to 1.0 in. (0.13 to 25 mm). The significant
problems are the sensitivity of the output signal to drift of frequency
and input voltage and the nonlinearity of the relationship between input
displacement and output voltage.
Mechanical extensometers such as theFig^enberger gage anddial gages
have been used for complicance measurements
	
. The sensitivity of the
Huggenberger gage is one scale division per 8 pin. (0.20 µm) and the range
is 0.008 in. (0.20 mm). A complete description of the Huggenberger gage
is given by Vose[81. The sensitivity of a widely used dial gage is one
scale division per 100 pin. (2.54 µm) with a corresponding range of 0.021
in. (0.533 min). Significant problems in the use of mechanical strain
gages are to obtain repeatable mounting conditions and the lack of sensi -
tivity.
Bonded resistance strain gages have been used by Srawley, et al.[31
on removable beam gages. The sensitivity is one scale division per 5 pin.
(0.13 µm) and the range can be as high as 0.01 in. (0.25 mm) . Problems
include hysteresis and creep which are associated with the mounting condi-
tions
.
, difficulty of attaching a calibrated beam gage or equivalent to
different size specimens ,  and limitations imposed by the electrical indi-
cator on the sensitivity.
,The review of the factors listed above and earlier experience in
determining Young ' s modulii for a wide range of materials using these
various types of extensometers led to the conclusion that there was more
opportunity for significant improvement in the LVDT displacement sensor
than the others. Also, the availability at a recently developed voltage
ratio detectort91
 for use as the readout instrument contributed to the
ow
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decision to develop an improved extensometer using the LVDT to detect
specimen deformation.
2.2 Extensometer Development
The following criteria were established as the minimum performance
characteristics for the new extensometer and readout system.
1. Sensitivity - l division per 1 pin. (0.025 µm),
2. Range - 0.015 in. (0.38 mm),
3. Gage length- 1 to 12 in. (25 to 305 mm) ,
4., Mechanical amplification factor 	 1.0.
Also, an electrical readout was considered highly desirable.
A prototype extensometer resulting from the design and manufacturing
efforts to meet these requirements is shown disassembled in Figure 1.	 An
aluminum tube and aluminum column with ball bearing guides are the chief
structural members. 	 The tube is made of the same material as the speci-
men to compensate for thermal expansion.	 The upper gage points can be
moved along the 13-in.	 (330-mm) long tube for desired gage lengths over
the range of 2 ,to 12 1/2 in.
	 (51 to 318 mm).	 Two LVDT's are mounted on _.
the base of the tube.. Spring loaded bearings contact the inside of the
tube to guide the lower column and minimize friction'durng the axial
motion and 'Limited rotation.
	
Displacement of the lower gage points rela-
tive to the upper gage points is transmitted to the moveable core of the
active LVDT.
	
Adjustments of the position of this core were made with a
micrometer head attached to the lower column of the extensometer. 	 The
sensitive cores of the LVDT's are held in place by flexure plates at each
end.	 The locations of the LVD Ir"s are intended to provide similar envixon-
mental.conditions to cancel out the effects of changes in temperature
and magnetic field.	 The core of the inactive LVDT was positioned and
locked before calibration of the extensometer.
The LVDT's selected for this extensometer had a splacement ranges
of 0.1 in.	 (2.5 mm).	 Only about half of the middle third of the range
was used to insure a relatively linear response.. Initial settings of the
active and inactive LVDT's were with the cores in the same positions rela-
tive to the transformer coil electrically, i.e. a voltage ratio of
1.00000.
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The LVDT's and associated electronic instrumentation are shown
schematically in Figure 2. A series connection of the primary coils
insures that the same input power is applied to each,VDT at a particu-
lar time. A recently developed voltage ratio detector 9] (shown partially
in Figure 2) was used with modifications to compare the output signals of
the secondary coils. This voltage ratio detector can resolve voltage
differences as small as 10 ppm.
The extensometer and voltage ratio circuit 'had a sensitivity of
approximately one ratio division per 0 . 5 µin. (0.0127 µm) over a range
of 0.014 in. (0.356 mm). The input voltage could vary as much as 1 per-
cent and the frequency could change as much as 0.1 percent without sig-
nificantly affecting the output ratio. A laboratory setup and the
electrical instrumentation console are shown in Figure 3.
2.3 Extensometer Calibration
A calibrated Tuckerman strain gage and autocollimator were used to
calibrate the extensometer. The Tuckerman strain gage and its associated
autocollimator hadeen calibrated in accordance with the procedures
described by WilsonL 61. The standard deviation for the calibration data
of the T--r.kerman strain gage was 3 pin. (0.076 µm). 1t was estimated
that thy._ strain gage and autocollimator could be set to about 1 pin.
(0.025 µm) of a selected displacement.
An extensometer comparator, shown in Figure 4, was used to generate
controlled displacements which were measured by both the Tuckerman strain
gage and the LVDT extensometer.
The LVDT extensometer was calibrated over a 0.015 in. (0.381 mm)
range by resetting the Tuckerman gage in increments of about 0 . 004 in.
(0.10 mm). After examining the calibration results, the upper half of
this range was selected for use in making the compliance measurements.
These data from three calibration runs over indicated deformation ranges
of approximately 0.0074 in. (0.188 mm) are given in Tables A.1.1, A.1.2
and A.1 . 3 of Appendix 1. Each of these sets of data was fitted to poly-
nominals, in ratio readings of degree 3 using the method of least squares
and a digital computer. The resulting equations were solved for reduced
ranges of deflection at selected increments of ratio reading. The compu-
ted results of the three calibration runs are given in Table 1.
page 6 NBS Lab No. 213.04/315
x Table 1 - LVDT Extensometer Calibration Results.
Deflections Computed from Polynominals of Degree
3
Ratio Computed deflection
reading kun 1 2_Run Run 3
Pin. µm Pin. µm µin. µm
1.09500 0 0 0 0 0 0
1.10000 336 8.53 335 8.51 334 8.48
1.10500 669 16.99 667 16.94 666 16.92
1.11000 1001 25.43 997 25.32 996 25.30
1.11500 1330 33.78 1325 33.66 1324 33.63
1.12000 1657 42.09 1650 41.91 1649 41.88
1.12500 1982 50.34 1973 50.11 1972 50.09
1.13000 2304 58.52 2294 58.27 2293 58.24
1.13500 2623 66.62 2613 66.37 2611 66.32
1.14000 2940 74.68 2929 74.40 2927 74.35
1.14500 3255 82.68 3243 82.37 3241 82.32
1.15000 3567 90.60 3554 90.27 3553 90.25
1.15500 3876 98,45 3864 98.15 3862 98.09
1.1.6000 4182 106.22 4171 105.94 4169 105.89
1.16500 4485 113.92 4475 113.66 4474 113.64
1.17000 4785 121.54 4777 121.34 4776 121.31
1.17500 5082 129.08 5077 128096 5077 128.96
1.18000 5377 136.58 5375 136,52 5374 136.50
1.18500 5668 143.97 5670 144.02 5670 144.02
1.19000 5955 151.26 5963 151.46 5963 151.46
1.19500 6240 158.50 6253 158.83 6254 158.85
Standard
K
deviation- 4.8 0.122 2.3 0.058 2.5 0.064
F
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3. COMPLIANCE CALIBRATION OF SEN TENSION SPECIMENS
3.1 General Considerations
Several of the earlier experimental and analytical studies relating
to compliance calibrations of single-edge-notched specimens were reviewed.
Particular attention was paid to_parameters that are critical for an
accurate calibration and to the sensitivity required for each measurement.
The work of Srawl . ey, et al . [ 31 appeared to be the best starting point for
obtaining an improved calibration of SEN specimens. The measured compli-
ance, C, of a specimen or particular shape can be stated as
C = de/dP
the change in deformation, e, due to the change in the applied force per
unit thickness, P. When the edge crack or transverse slot, a, is intro-
d3ced (the SEN specimen), the strain energy release rate can be repre -
sented by
s
^a
r ), _. P2
2
This relation is often expressed in
.E  E
P2 2
dC
da
the dimensionless form
dC
d(a/W)
when E is Young ' s modulus and W is the width of the specimen.
The physical quantities needed to determine the compliance of SEN
specimens are given in Table 2. Also, estimates are given for the minimum
sensitivities and the maximum allowable errors for these quantities that
should be attained to insure an acceptable compliance calibration. The
accomplishment of measurements as outlined in Table 2 would result in the
overall uncertainty of less than 0 . 5 percent for the compliance calibra-
tion.
i^v 	t
W`r
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Table 2 - Estimates of the Sensitivities and Errors for
Measured Physical Quantities for the Compliance
Calibration of SEN Specimens(a)
	
Minimum	 Maximum	 y
Physical quantity	 sensitivity	 allowable error
pin.	 µm	 µin.	 µm
Deformation, e 1	 0.025	 5 0.125
Gage length, L 40	 1.00	 400 10.0
Crack length, a 4.0	 1.00	 100 2.5
Width, W 100	 2.5	 500 12.5
Thickness, b 20	 0.50
	
100 2.5
Applied force, p(b) (c ) -	 -	 - -
5
(a)Values in metric units are rounded for direct compari-
sons with each other and for only qualitative compari-
sons with the values in U.	 S. customary units.
(b) Sensitivity equal to 0.02 percent of maximum load.
( c)Error not more than 0.05 percent of maximum load.
IM
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3.2 Specimens and Fixtures
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Two specimens with dimensions shown in Figure 5 were prepared and
exploratory tests were made. The long SEN'specimen was generally simi-
lar, except for thickness, to the 12-in. (305-mm) long specimen described
in Reference 3. The short specimen was based on a brief submitted to
ASTM Committee E-24 dated February 16, 1965. This brief suggested that
an overall length to width ratio of 21 with the deformation to be mea-
sured between the loading pin centers. For the short specimen described
here, the overall length was extended sufficiently to insure elastic
behavior around the pin holes of the specimen during each calibration
run.
Measured dimensions of , the specimens without cracks are given in
Table 3. The listed values and standard deviations are based on 14, 33
and 3 observations for width, thickness and gage length, respectively.
Table 3 - Dimension of 7075 T.6 Aluminum Test Specimens
_Specimen 1.1L	 Specimen 2.3S
in.	 mm	 in.	 mm
Overall length
	 14	 (356)	 7	 (178)
Width* W	 3.0018	 (76.246)	 2,9965
	 (76.111)
Standard deviation, a'w
	0.0017
	
(0.043)
	 0.0004	 (0.010)
Thickness, b	 0.12485 (3.1712)
	 0.12.413	 (3.1529)
Standard deviation, Q b	 0.00016 (0.0041)	 0.00016•	 (0.0041)
►^ Gage length, L	 (8.06004) 204.725	 (3.98646)	 101.256
Standard deviation, a' L
	(0.0003) 0.008
	 (0,,0001)
	 0.002
i
{ Note - Numbers shown inP arentheses are calculated conversions from the
F measured values.
Pin loading fixtures are shown in Figure 6.	 These provided diametrical	 i
clearances of about 0.001 in.
	
(0.025 ma) between the loading pins and the
reamed holes in the specimens.
	 The
the short SEN specimen served to center
spacer plates shown assembled with
the specimen on the testing
machine load line.
	 They did not exert side loading or restraint to the
specimen.
.0
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The slot, which simulated a crack, was developed on the transverse
center line of each specimen by drilling a hole with a 0.019-iu. (0.483-
mm) diameter drill and slotting from the edge to the hole with a 0.014-in.
(0.356-mm) thick jewelers saw. This operation was repeated after each
series of calibration runs for a selected value of a/W.
3.3 Laboratory Procedures	 4
Each important dimension of the specimens was measured with special
attention to the suitability of the measuring instrument for attaining
the required accuracy in the results. Gage lengths were measured with a
model No. 30025 Mann comparameter which can resolve length differences
equal to 0.001 mm. The thicknesses of the specimens were measured with
a Pratt and Whitney Electro Limit gage which with appropriate gage blocks
can detect differences of 20 µin. Widths were measured with a machinist
^v
	 micrometer which has direct reading to 0.0001 in_. by using the vernier
scale.
ri
E
	 Slot (crack) lengths were measured with a Gaertner tool maker's
microscope, Serial No. 778, which can resolve lengths as small as 0.001
mm. Each crack length was taken as the average of the distances from the
Y^
	
the hole radius measured on both sides of the specimen.
edge of the plate to the 'farthest edge at the drilled hole minus one-half
The applied loads were measured with a strain gage type load cell and
indicator that were calibrated as a system.
	
The data were fitted to a
polynom.nal in load of degree 2 and one standard deviation was equivalent
to less than 0.8 lbf (3.6 N).
	
Loads were applied at the rate of 100 lbf
(445 N) per minute through loading pins with a screw powered testing r
machine.
t
The maximum load to apply for each complicance measurement was com-
puted for	 an assumed stress concentration factor of 4.5 due to the slot,
the yield strength of 60,000 psi (414 MN/m2) and the net cross-sectional
area at the center of the plate.
Before beginning each series of load and deformation observations,
the specimen was preloaded twice to the maximum load required for that
particular compliance measurement.
	
While the specimen was sustainingk{	
this maximum preload,	 the active LVDT of the e:,:tensometer was reset using
the micrometer (see Figures 1, 4 and 6) to read a selected preset value
on th°:°- voltage divider (see Figures 2 and 3) .	 This value, 1.195, was
.used to make the initial setting in all the test runs for these two speci- ^	 f
mens.	 The laboratory setup in the testing machine with the load cell and
extensometer assembled with the short SEN specimen is shown in Figure 6.
E363; 	 ?
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Three test runs were made for each compliance measurement. After
the unslotted specimen was tested, a hole was drilled on the transverse
center line 0.30 in. (7.62 mm) from the edge, the specimen slotted and
the preloads applied ,  the extensometer adjustments made and the load-
deformation data were obtained. This sequence was repeated for selected
increasing a/W ratios up to 0.5 for each specimen.
To obtain the load-deformation data, the deformation increments
were preselected, continuously increasing loads were applied to the
specimen and the load indicator read "on the fly'. This was accomplished
for each data point by presetting the voltage divider to correspond to
the selected value of deformation and continuously balancing the load
cell indicator to follow the increasing load until the galvanometer indi-
cated null. Temporarily, the operator stopped balancing the load cell
indicator and recorded the voltage ratio and load cell indicator read-
ings. Then, the operator set the voltage ratio for the next value of
deformation and resumed balancing the load cell indicator until reaching
the next data point,
Up to twenty-five data points were taken for each load-deformation run.
A typical set of data for one compliance measurement is given in Table 4.
kr
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'fable 4 - Original Data for Determination of Compliance
fcr Specimen 2. 3S, a/W - 0.2031
Ratio Load indicator readings_
reading - Run 1 Run Run 3
lbf lbf lbf
1.09500 2560.5 2583.5 2563.5
1.10000 2656.0 X680.0 ?662.0
1.10500 2752.0 2773.0 ^t79 6.0
„.11000 2841.5 .864.5 2851.5
1.11500 2928.0 2952.5 2940.0
1.12000 3014.0 3041.5 3030.0
1.12500 3098.5 3125.0 3114.0
1.13000 3179.0 3209.0 3198.0
1.13500 3257.0 3292.0 3278.0
1.14000 3332.0 3371.0 3359.5
1.14500 3410.5 3452.0 3442.0
1.15000 3488.0 35:28.5 3519.0
1.15500 3562.5 3607.5 3599.5
1.16000 3638.0 3682.5 3670.5
1.16500 3712.0 3760.0 3753.5
1.17000 3785.0 3835.0 3829.0
1.17500 3859.5 3912.5 3906.0
1.18000 3936.0 3986.5 3983.5
1.18500 4010.0 4065.0 4058.5
1.19000 4085.5 4138.0 4134.5
E
1.19500 4160.5 4212.0 4208.0
-,^
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3.4 Data Reduction and Analysis
The voltage ratio and load cell indicator data for each run were
reduced to deformation, inches,, and load, pounds force, using the appli-
cable calibration relations and a digital computer. These deformations
and loads were fitted by the method of least squares to polynominals of
degree 1, 2 and 3 in load. Examinations of the standard deviations of
the data from the computed relations indicated that the third degree
polynominal provided the best representations of the load-deformation
curves. Comparisons of these standard deviations for the various a/W
ratios are given in Tables 5 and 6 Each standard deviation is the aver-
age of three values obtained at each a/W ratio.
The use of second or higher order equations to represent the load-
deformation relations requires consideration of a possibility of depend-
ance of C on the applied load. Two ways of taking this into account
in obtaining values of compliance were considered. First, comparisons
were made of the slopes of the load-deformation relations at constant
applied load for the various values of a/W. These results were not
promising, particularly at values of a/W less than 0.15 and approaching
0.5. Second, comparisons of the slopes at the load-deformations relations
were made at constant average stress levels on the net cross-sectional
area at the transverse center line for different values of a/W. These
results appeared more reasonable.
A	 '
Slopes of the load-deformation relations corresponding to a selected
stress level were changed to compliance values by dividing the applied
1 load by the specimen thickness, B. 	 The results were expressed in the
usual nondimensional form
# EC	 L 
2	 L
where	 E	 is Young's modulus for the material, taken as 10,300,000 psi
(71;020 MN/m2) and	 Ln/L
	
is the correction factor to account for the
difference between the nominal gage length and measured gage length.
Following the procedures suggested in Reference 3, the fourth
degree polynominal in
	
a/W,
L	
_>	
2	 4
Iry
is was used to obtain relationships in	 C	 and	 a/W	 for constant stressIs levels on the net section of both the short and long SEN specimens.
f
Also, the relations resulting from fitting the load-deformation data to
a polynominal of degree 1 was used to obtain fourth order relationships
_..._.	
..	 .__	
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Table 5 - Standard D#3 va.a ions of Load-Deformation Data,
Specimen 1.1L
Standard deviation
D eir^r ee of polynomino 1
a /W 1
.__..
=^ 3
µ in. µm pin.	
µm,
pin. µm
0 58.3 1.48 3.6	 0.09 3.5 0.09
0.10 15 82.0 2.08 4.7	 0.12 5.3 0.13
0.1518 108.7 27.61 14.8	 0.38 11.3 0.29
0.2025 78..7 2_,, 00 8.1	 0.21 9. 3 0.24
0.2526 40.4 1.03 11.0	 0.28 9.2 0,23
0.3010 38.7 0.98 5.2	 0.13 6.5 0.17
0.3533 86.1 2.19 16.2	 0.41 10,7 0.27
0.4024 24.1 0.61 12.8	 0.33 8.8 0.22
0.4491 31.0 0.79 8.8	 0.22 6.7 0.17
0.5025 25.5 0.65 17.2	 0.44 8.8 0.22
i
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Table 6 - Standard Deviations of Load-Deformation
Data, Specimen 2.3S
Standard deviation
Degree of polynominal
a /W 1 2 3
pin. µm pin. µm pin. µm
0 15.7 0.40 5.7 0.14 3.8 0.10
0, 10 35 43.1 1.09 8.6 0.22 6.9 0.18
0.1544 26.0 0.66 22.7 0.58 7.5 0.19
0.2031 38.8 0.99 21.2 0.54 5.4 0.14
0.2640 28,7 0.73 11.7 0.30 5.4 0.14
0.2912 34.8 0.88 17.1 0.43 7.5 0.19
0.3118 '24.8 0.63 11.0 0.28 6.0 0.15
0.3281 17.8 0.45 6.3 0.16 6.1 0.15
0.3551 20.9 0.53 17.5 0.44 7.7 0.20
0.3781 32.0 0.81 14.8 0.38 9.1 0.23
0.4025 8.8 0.22 10.3 0.26 6.8 0.17
0.4535 38.6 0,98 6.8 0. 17 6.5 0.17
0.5055 7.9 0.20 4.8 0.12 4.3 0.11
P_ " 'WO
-^.	 ..
7
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in C and a/W for the two SEN specimens. The fourth degree
polynominals were differentiated with respect to a/W to give
EL  dC	 a.
	
(a):-2
2L d(a/W) BI + B2W
	 B3(a)
which is equal to the strain energy release rate with track extension,
4
d
EAW
P2
3.5 Results and Discussion
Compliance calibrations are given in Tables 7 and 8 for the 8-in.
(203 mm) and 4-in. (102-mm) gage length SEN specimens. These results
were derived from first and third degree equations which represented the
load-defor^ation data and are for a/W ratios up to 0.5. For comparison,
analytical 101 and experimental[ 3, results of earlier investigations are
included in Table 7.
The results given in Tables 7 and 8 are in fair agreement with the
earlier analytical and experimental work on calibrations of SEN specimens.
Observations during and after these experiments indicate that certain
bearings and joints in the extensometer caused detrimental frictional
forces and misalignments that were not anticipated. Also, the pin load-
ing fixtures limited the reproducibility of the test setup as the speci-
mens were removed aiid reinserted with each extension of the slot.
The overall uncertainty of the results presented here is considerably
more than the anticipated 0.5 percent. The major sources of error were
the mechanical deficiencies of the extensometer and the measured value of
applied load. Both of these sources are amenable to improvement.
Although the results of the compliance calibrations reported here
are disappointing, a substantial body of useful information has been
accumulated. This new type of extensometer and indicator is potentially
very useful in obtaining improved compliance calibrations for a wide
variety of notch toughness specimens, for use in research on the fracture
resistance of materials and for a wide range of applications where accur -
acy in measurements of elastic properties of materials is essential.
The results given here cannot be considered conclusive but there are
	 x
definite indications that the values of compliance for SEN specimens de-
rived from measured load-deformation data are stress dependent. Thi s
point needs to be verified or invalidated. if C and dC/da are stress
dependent ,  the significance of this an interpreting and applying compli- 	 l
ance calibrations for determinations of r& should be investigated.
l
F3
i
0
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Table 7 -	 Compliance Calibration Results, Long SEN'
Specimen l.lL
EL
n	 dc
2L	 d(a/W)
>Y Degree of load-
deformation poly- Stress
nominal function Experimental
a W -1	 3(a) (Ref.
	
10) (Ref.	 3)
0 0	 0 0 0
0.05 0.136	 0.059 0.204 0.314
0.10 0.261	 0.140 0.445 0.556
a
0.15 0.455	 0.316 0.758 0.816
0.20 0.798	 0.658 1.180 1.180
0.25 1.370	 1.239 1.763 1.735
H 0.30 2.252
	 2.1,30 2.603 2.571
0.35 3.524	 3.404 3'.813 3.775
0.40 5.266	 5.133 5.596 5.436
0.45 7.559	 7.389 8.276 7.641
0.50 10.482
	 10.243 12.399 10.477
Standard
devia-
tion 0.050	 0.041
Aft (a)Average stress on the net section equals
MN/m2)..(72.77 10,700 psi
Aft
j
r
4
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Table 8 - Compliance Calibration Results, Short
SEN Specimen 2.3S
EL 	 dC
2L d(a/
Degree of load
deformation Rolynominal
a /W	 1	
_	
a
0
0.05
0.10
0.15
0.20
0.25
0. 30
0.35
0.40
0.45
0.50
0 0
0.438 0.302
0.557 0.354
0.572 0.353
0.627 0.440
0.913 0.794
1.507 1.584 -
2.889 2.978
4.939 5.146
7.934 8.257
12.054 12.481
Standard
deviation
	
0. 142	 0.141
(a)Average stress on the net section equals
in ann -- /"7c i c un. /-2N
IIIII MINE
OW
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4. SUMMARY '
A survey of displacement measuring devices and displacement sensors
was made and the LVDT type of sensor was selected for incorporation in a
new extensometer for use in calibrations of crack toughness test speci-
mens.
A prototype extensometer, which incorporated two LVDT's, was designed
and constructed. One LVDT was used to detect changes in gage length and
the second LVDT provided a reference voltage bource. An a-c voltage ratio
detector was modified to indicate the deformation of the specimen as the
ratio of the output voltages of the two LVDT's. The extensometer was
sensitive to deformations of less than 1 pin. (0.025 µm), a total opera-
ting range of more than 0.015 in. (0.381 mm) and a precision deformation
range of about 0.0074 in. (0. 188 mm)..
Procedures were developed for calibrating the extensometer and for
using it to measure deformations of SEN tensile specimens.
Preliminary results of compliance calibrations of a short, 4-in.
(102- mm) gage length, and a long, 8-in. (203-mm) gage length, SEN tensile
specimen are given and comparisons are made with other recent compliance
calibrations. These data are not considered satisfactory for determining
and comparing values of KI- or
F
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APPENDIX 1
Extensometer Calibration Results
Tuckerman strain gage No. 33 and autocollimator No. B 315 were used
to measure controlled displacements during the LVDT extensometer cali-
bration. The strain gage was moved incrementally in steps of 100 indi-
cated divisions, 199 pin. (5.05 µm) and the ratios between signals from
the fixed and moving LVDT's were determined with the voltage ratio cir-
cuit. The observed data for three calibration runs are given in the
first two columns of Tables A.1.1, A.1.2 and A.1.3. These data were
fitted by the method of least squares to polynominals of degree 3 using
a digital computer. The polynominals were of the form
Y-= Ao +A,x +A2x2 +kxs
where x ratio reading
y = indicated displacement.
For each set of data, the constants Ao, Al , A2 and A3 and the observed
ratio readings were substituted in the equation to obtain computed values
of displacement. These computed displacements and the differences be -
tween observed values and computed values of displacement are also given
in Tables A.1.1, A.1.2 and A.1.3.
The data were fitted to other polynominals of degree 2, 4, 5 and 6.
The polynominal of degree 3 was selected because it appeared to best
represent the observed data, based on comparisons of the standard devia-
tions.
i
i
r
_M..	 _.
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Table. A.1.1- Extensometer Calibration Run No. !
r
Ratio Indicated Computed
reading displacement displacement Difference
pin. µm µin. µm µin. µm.
1.08646 7178 182.32 7189 182.60 -11 -0.28
1.08930 7377 187.38 7382 187.50 -5 -0.12
1.09219 7577 192.46 7577 1.92.46 0 0.00
1.09508 7776 197.51 7772 197.41 4 0.10
1.09800 7976 202.59 7969 202.41 7 0.18
1.10102 8175 207.65 8171 207.54 4 0.11
1.10405 8374 216.70 8373 212.67 1 0.03
1.10701 8574 217.78 8570 217.68 4 0.10
r
1.11005 8773 222.83 8771 222.78 2 0.05 X
1.11306 8972 227.89 8970 227.84 2 0.05
1, ;.1604 9172 232.97 9165 232.79 7 0.18
1.11911 9371 238.02 9366 237.90 5 0.12
1.12220 9571 243.10 9567 243:00 4 0.10
1.12534 •9770 248.16 97,°1 248.18 -1 -0.02
1.12846 9969 253.21 9972? 253.29 -3 -0.08
1.13157 10169 258..29 10171 258.34 -2 0.05
1.13469 10368 263.35 10371 263.42 -3 -0.07
1.13788 10568 268.43 10573 268.55 -5 0.12
1.14105 10767 273.48 10774 273.66 -7 0.18
1.14420 10966 278.54 10972 278.69 -6 -0.15
1.14741 11166 283.62 11172 283.77 -6 -0.15
1.15061 11365 288.67 11371 288.82 -6 -0.15
1.15380 11564 293.73 11569 293.85 -5 -0.12
1.15702 11.764 298.81 11767 298.88 -3 -0.07
1.16025 11963 303.86 11964 303.89 -1 -0.03
1.16349 12163 308.94 12161 308.89 2 0.05 ..
1.16678 12362 313.99 12359 313.92 3 0.07 *`
1.17009 12561 319.05 12558 318.97 3 0.08
1.17345 12761 324.13 12758 324.05 3 0.08
1.17678 12960 329.18 12954 329.03 6 0.15
1.18616 13160 334.26 13153 3.34.49 7 0..17
1.18360 13359 339.32 13353 339.17 6 0.15
1.18706 13558, 344.37 13554 34+.27 4 0.10
1.19060 13758 349.45 13757 349.43 1 0.03
1.19416 13957 354.51 13959 354.56 -2 0.05
1.1,9773 14157 359.59 14161 359.69 -4 -0.10
1.20128 14356 364.64 14359 364.72 -3 -0.08
1.20487 14555 369.70 14559 369.80 -4 -o.iG
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Ta))le A.1.2 - Extensometer Calibration Run No. 2
Ratio	 Indicated	 Computed
_reading	 displacement	 displacement	 Difference
pin.
	 µm	 pin.	 µm	 pin. µm
1.08844 7178 182.32 7178 182.32 0 0
., 1.09139 7377 187.38 7377 187.38 0 0
1.09431 7577 192.46 7574 192.38 3 0.08
1.09730 7776 197.51 7775 107.49 1 0.03
1.10035 7976 202.59 7978 202.64 -2 -0.05
1.10334 8175 207,.65 8177 207.70 -2 -0.05
1.10634 8374 216.70 8376 2 1-2.75 -2 -0.05
1.10935 8574 217.78 8575 217.81 -1 -0.03
1.11'237 8773 222.83 8773 222.83 0 0
1.11541 8972 227.89 8972 227.89 0 0
1.11847 9172 232.97 9171 232.94 1 0.03
1.12155 9371 238.02 9371 238.02 0 0} 1.12462 9571 243.10 9569 243:05 2 0.05
1.12778 9770 248.16 9772 248,21 -2 -0.05
1.13087 9969 253.21 9970 253.24 -1 -0.03
1.13397 10169 258.29 10168 258.27 1 0.02
3 1.13715 10368 263.35 10369 263.37 -1 -0.02
1.14026 10568 268.43 10566 268.38 2 0.05
1.14339 10767 273.48 10762 273.35 5 0.13
1.14661 10966 278.54 10964 278.49 2 0.05
1.14980 11.166 283.62 11162 283.51 4 0.11
1.15305 11365 288.67 11364 288.65 1 0.02
11.564 293.73 11567 293.80- -31.15665
1.15960 11764 298.81 11767 298.88 -3
_0.07
0.07
1.16285 11963 303.86 11.965 303,.91 -2 -0.05
1.16618 12163 308.94 12167 309.04 -4 -0.10
1.16951 .12362 313.99 12368 314.15 -6 -0.16
1.17271 12561 319.05 1,'2561 319.05 0 0
1.17603 12761 •324.13 12;759 324.08 2 0.05
1.17937 12960 329.18 1'2958 329.13 2 0.05	 {
1.18279 13160 334.26 13160 334.26 0 0
1.18615 13359 339.32 13358 339.29 1 0.03
1.18954 13558. 344.37 13556 344.32 2 0.05
1.19296 13758 349.45 13755 349.38 3 0.07
1.19644 13957 354.51 13957 354.51 0 0
1.19990 14157 359.59 14156 359.56 1 0.03
1.20341 14356 364.64 14357 364.67 -1 -0.03
1.20693 14555 369.70 14557 369.75 -2 -0.05
Standard deviation = '2:.3 pin.
	
(0.058 µm)
1
.. I
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Table A.1.3 - Extensometer Calibration Faun No. 3
Ratio Indicated Computed
reading displacement displacement Difference
pin. µm pin. µm Pin. µm
1.08955 7178 182.32 7180 182.37 -2 -0.05
1.09248 7377 187.38 7377 187.38 0 0
1.09545 7577 192.46 7577 192.46 0 0
1.09843 7776 197.51 7776 1,97.51 0 0
1.10146 7976 202.59 7978 202.64 -2 -0.05
1.10445 8175 207.65 8177 207.70 -2 -0.05
'r
1.10740 8374 212.70 8372 212.65 2 0.05
1.11041 8574 217.78 8570 217.68 4 0.10
1.11342 8773 222.83 8767 222.68 6 0.15
1.11653 8972 227.89 8970 227.84 2 0.05
1.11963 9172 232.97 9172 232.97 0 0
1.12273 9371 238.02 9372 238.05 -1 -0.03
1.12584 9571 243.10 9573 243.15 -2 -0.05
1.12894 9770 248.16 9772 248.21 -2 -0.05
1.13211 9969 253.21 9974 253.34 -5 0.13
1.13524 10169 258.29 10173 258.39 -4 -0.10
1.13838 10568 268.43 10567 268.40 1 0.03
1.14465 10767 273.48 10766 273.46 1 0.02 t
1.1.4786 10966 278.54 10966 278.54 0 0
1.15103 11166 283.62 11163 283.54 3 0.08 x'
1.15424 11365 288.67 11362 288.59 3 0.08
1.15748 1.1564 293.73 11561 293,65 3 0.08
1.16077 11764 298.81 11763 298.78 1 0.03
^K 1.16406 11963 303.86 11964 303.89 -1 -0.03
1x16738 12163 308.94 12165 308.99
-2 -0.05
1.17070 12362 313.99 12365 314.07 -3 -0.08
1.17399 12561 319.05 12563 319.10 -2 -0.05
1.17729 12761 324.13 12760 324.10 1 0.03
1.18060 12960 329.18 12957 329.11 3 0.07
1.18402 13160 334.26 13159 334.24 1 0.62
1.18744 13359 339.32 13360 339.34 -1 -0.02
1.19080 13558 344.37 13557 344.35 1 0`.02
- 1.19425 13758 349.45 13757 349.43 1 0.02
1 1.19772 13957 354.51 13958 354.53 -1 -0.02
1.20120 14157 359.59 14158 359.61 -1 -0.02
1.20468 14356 364.64 14,57 364.67 Al -0.03
E 1.20814 14555 369.70 14354 369.67 1 0.03
Standard deviati©n
	
2.5 pin. (0.064 pm)
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